Impact of on-range choice feeding with black soldier fly larvae (Hermetia illucens) on flock performance, egg quality, and range use of free-range laying hens 
Introduction
Following the trend in Europe and the USA, free-range egg production in Australia is a rapidly growing sector, with an ongoing volume growth of 10.2% annually (Australian Eggs, 2017) . On-range feeding of free-range laying hens frequently occurs in Australia, and is especially common in farms using mobile housing sheds (Ruhnke et al., 2015a; Singh et al., 2017) . Feed supplements offered on-range to free-range hens have been reported to include shell grit (42.9%), limestone (40.0%), hay (28.6%), silage (8.6%), and others such as vegetables, pasture, insects, and harvested grass (37.1%) (Ruhnke et al., 2015a) . Beneficial effects of diet supplementation on gizzard barrier function and a positive modification of intestinal microbiota including reduced intestinal Escherichia coli counts and increased lactic acid bacteria concentrations have been observed in laying hens fed with maize silage, barley-pea silage, or carrots (Shrestha et al., 2013; Steenfeldt et al., 2007) . However, access to feed supplements can dilute the formulated nutrient intake significantly with severe consequences; for example, pasture on the range has been associated with gut impaction, malnourishment, and increased flock mortality (Ruhnke et al., 2015b; Iqbal et al., 2017) . Therefore, only choice feeding of high nutritional value feeds should be considered.
Black soldier fly (Hermetia illucens, BSF) larvae contain up to 35% ether extract and 47% crude protein on a dry matter basis (Newton et al., 1977; St-Hilaire et al., 2007; De Marco et al., 2015; Payne et al., 2015) . Black soldier fly larvae also contain around 5% calcium, much higher than many insect species (Khusro et al., 2012) . A recent report indicated that there was no effect on meat colour, pH, meat composition, and sensory traits in broiler quails when 15% of BSF was used in the diet (Cullere et al., 2016 , Cullere et al., 2017 . There is very limited information available on the impact of BSF larvae on layer performance and egg quality.
Previous research indicates indoor feeding schedules may be a factor in limiting range use as birds may prefer to stay inside or close to the main barn to ensure feed access at specific times of day (Bubier and Bradshaw, 1998) . While there are biosecurity risks linked to on-range feeding, the potential impact of on-range feeding on range usage has not yet been examined. Good use of the outdoor area is of interest to egg producers since the Federal Court of Australia determined that in order to declare eggs "free range", "hens have meaningful and regular access to the outdoors" (CAF, 2014) . The possibility that feed on the range encourages hens to increase their range use may be one of the main motivations for farmers to conduct this practice. The objective of the present study was to investigate the impact of on-range choice feeding of BSF larvae on (objective part A) flock performance (objective part B) egg quality, and (objective part C) range use of free-range laying hens.
Materials and methods
The study was approved by the Animal Ethics Committee of the University of New England (AEC15-120). Animals were housed and treated in accordance with the Australian Model Code of Practice for domestic poultry (Primary Industries Standing Committee, 2002).
Diet and BSF larvae
Feed was formulated using commercial software (Concept 5, version 12.07.01, CFC Tech Services Inc, Pierz, MN, USA) according to the breeders' standard recommendations and mixed at the University of New England, Australia (ISA, 2016) . Details of the diet composition are outlined in Table 1 . Hens were fed ad libitum indoors with this complete wheat-soy based diet in mash form. Black soldier fly larvae were obtained from a commercial producer (Entofood SDN BHD, Rawang, Malaysia) and were reared on brewery spent grain before being dried at 90 C for 60 min until the dry matter content of 90% was reached. Black soldier fly larvae were analysed by a commercial company (APAF, Australian Proteome Analysis Facility, Maquarie University, NSW, Australia; Table 2 ) and fed whole (Fig. 1) . Table 3 provides an overview of the experimental design and outlines the timeline of data collection.
2.2. Investigation of choice feeding with BSF larvae on flock performance e objective part A
Animals and housing
A total of 160 ISA brown laying hens, 47 weeks of age, were used from a previous experiment conducted at the same facility as the current experiment that assessed the impacts of 3 different outdoor stocking densities on ranging behaviour and welfare (Campbell et al., 2017a; b) . In the previous experiment, a total of 450 hens from a flock of 900 (housed within 6 pens, of the total 9 pens available at the facility) had been evaluated for their individual range use using radio-frequency identification (RFID) tracking across 15 weeks (starting at 21 weeks of age). The birds for the current experiment were selected based on showing daily range access during the tracking periods but with individual variation in total time spent outdoors each day. These exclusively outdoor ranging birds compared to birds that preferred to stay indoors, or sporadically accessed the outdoors (Campbell et al., 2017a) were selected to maximise the opportunities for BSF hens to consume the insects. The majority of birds in the previous experiment did show daily range access (Campbell et al., 2017a) , and thus 160 hens were randomly selected from a list of outdoor-preferring birds within each pen, equally (within one bird) across the 3 different stocking densities. Birds from all stocking densities were balanced across 8 pens with 20 birds per pen. Birds for the current experiment remained within the same facility and were housed in the 8 pens at 41 weeks of age with the current experiment beginning at 47 weeks of age. Between 37 and 39 weeks of age, selected birds remained within their different stocking densities while a separate set of birds underwent behavioural testing (Campbell et al., 2016) . From 40 to 41 weeks of age, the birds selected for the current experiment were housed together in 2 pens while the litter from the previous experiment was replaced; pen resources were reorganised; and all other birds were rehomed. Birds used in the current experiment still had opportunities for daily range access during the transition period between experiments but their range usage was not tracked.
Each of the pens was of identical configuration and equipped with perches, nestboxes, a water nipple line, and a floor area of 38.9 m 2 covered with rice hulls (Fig. 2 ). Hens were assigned to a treatment group (BSF) or a control group (control), allowing 4 replicate pens of each treatment (20 birds per pen). Each pen replicate had access to a separate range area of 115.8 m 2 between 09:00 and 19:00 daily via pop holes (Fig. 2 ). This range area was reconfigured from the previous experiment on outdoor stocking densities (Campbell et al., 2017a) . There was minimal vegetation on the range as it had been consumed by birds from the previous experiment. The range area was devoid of any additional trees or structures and birds had visual contact between the range areas. Birds were kept inside at all other times. The health of all birds (general activity, feather cover, visible signs of disease/injury) and presence of adequate food and water was visually checked twice daily.
Data collection
All hens were trained for the duration of 3 weeks to use biosecure insect feeders next to their feeder in the pen, filled with the complete diet (training period). Dried BSF were subsequently made available using the same biosecure feeders and offered ad libitum on the range for the 4 BSF pen replicates (experimental period), while the hens of the control group had empty feeders present. This experimental feeding period lasted 6 weeks. The timeline of the experiment is summarised in Fig. 3 . Eggs were collected and individually weighed daily during the 6 weeks of the experiment. The average daily egg weight and egg production per pen were calculated. Individual body weights and feeder weights were obtained weekly using a 3-digit scale (BAT1, Veit Electronics, Moavany, Czech Republic). Feeders were refilled on the same occasion. Body weight gain, feed intake per pen Eq. (1) and BSF intake per pen Eq. (2) (2) where B is the beginning of the week (Monday), E is the end of the week (Monday), and n is the number of hens in the pen.
Egg mass ðg=pen per dayÞ ¼ Average daily egg weight ðgÞ Â Egg number ðper pen per dayÞ
Egg mass ðg=hen per dayÞ (4) 2.3. Investigation of choice feeding with BSF larvae on egg quality e objective part B 2.3.1. Animals and housing A total of 70 ISA brown laying hens randomly selected hens from the cohort used for part A of the objective were randomly assigned to either a control group (no BSF offered, n ¼ 35), or a treatment group (BSF offered, n ¼ 35). All 70 hens (selected from the 160 hens used in part A of the study) were treated and fed as described above. The biosecure feeders on the range were available to these hens for 6 additional weeks, allowing for a complete experimental period of 12 weeks (Fig. 4) . All 70 hens used for this study were individually numbered and had been randomly allocated to groups of 5 within the BSF and control groups. Thus, the experimental unit was defined as 5 pooled hens per treatment and a total of 7 replicates per group were used for statistical analyses. The 70 hens were consolidated into 2 separate pens for the data collection.
Eggs from individual hens were collected after the 12 week experimental period on 2 consecutive days. Internal and external egg quality parameters were evaluated on the day of collection by a single person blinded to the treatment and then averaged for the individual hen across the 2 days: egg weight, shell colour by reflectivity, egg shell breaking strength by quasi-static compression, shell deformation to breaking point, albumen height, Haugh Unit, and yolk colour (all egg quality equipment: Technical Services and Supplies, Dunnington, York, UK) (Haugh, 1937; Bhale et al., 2003) . Egg yolk colour was measured within a range from 1 to 15, palest to the darkest. Each shell was weighed and its thickness measured (Mitutoyo Dial Comparator gauge Model 2109-10, Kawasaki, Japan) (Roberts et al., 2013) .
2.4. Investigation of choice feeding with BSF larvae on hen range use e objective part C
Animals and housing
Six of the 8 pens used for the performance evaluation (objective part A) were also used to monitor range use at the same time using RFID technology. Only 6 pens were used due to availability of the RFID monitoring equipment. Three RFID antenna systems were obtained from Microchips Australia Pty Ltd (Keysborough, VIC, Australia), using software developed and built by Dorset Identification B.V. (Aalten, Netherlands) based on Trovan technology and were situated within the pens prior to bird placement. Hens were individually banded with a numbered leg band (Roxan Developments, Datamars Agri UK Ltd, Selkirk, UK) containing a RFID microchip (Trovan Unique ID 100 FDX-A, Trovan Ltd, East Yorkshire, UK) as described by Campbell et al. (2017a) . Hens of 3 pens were assigned to the BSF group (BSF larvae access), and hens of the control group (3 pens) were exposed to an empty feeder on the range (control; Fig. 5 ). Two pop holes leading to the same range were available for each pen (20 hens/pen; Fig. 2 ). For more details on the set-up and validation of the RFID system see Campbell et al. (2017a) . Experimental period: BSF larvae offered to the treatment group Training period: Hens trained to use biosecure insect feeders
weeks
Experimental period: BSF offered to the treatment group
Data collection: Internal and external egg quality 2 days Fig. 4 . Schematic overview of the timeline to evaluate the impact of choice feeding with black soldier fly (BSF) larvae on egg quality.
Data collection
Range use was recorded during the first and last 7 consecutive days of the 6 week experimental period (Fig. 6) . Each pop hole antenna registered the date, time, and microchip of the individual bird moving through the pop hole onto the range, and passing back through the pop hole into the indoor pen. All RFID data were then run through a custom-built software program (Bryce Little; CSIRO, Agriculture and Food, St Lucia QLD, Australia) to filter out unpaired 'false' readings if a bird sits in the pop hole for example. The program then summarised the daily data per hen from week 1 to week 6 to provide the average daily hours spent outside, total hours outside, the average number of daily visits, total visits outside, average minimum and maximum time per visit, and the total minimum and maximum length of a single visit.
Statistical analysis
To analyse data obtained for objective part A, mean values per replicate (pen) were used. Data were tested for normality using the Komolgov-Smirnoff, and analysed using a 2 Â 2 factorial arrangement (treatment Â time including their interaction) in a general linear model.
Data obtained for objective part B were tested for normality of distribution using the ShapiroeWilk normality test and then compared to each other using the t-test or WilcoxoneManneWhitney test when appropriate.
The ranging data/hen obtained for objective part C were summarised each day and averaged per week and pen, as the pen was considered the statistical unit. All data were arranged 2 Â 2 factorial (time point Â treatment group and their interaction) tested for normality and analysed using a general linear model.
All statistical analyses were processed in SPSS statistics 24 (SPSS Inc., Chicago, IL, USA) with significance set at P ¼ 0.05.
Results

Flock performance
Hens allocated to the BSF treatment consumed on average 15 ± 1.7 g BSF/hen per day, which equals 16% of their diet. Flock performances of control vs. BSF group at the end of the experiment were respectively: egg production 82.8% vs. 91.6%, egg weight 66.9 vs. 67.5 g, feed intake (including BSF intake) 94.6 vs. 94.3 g/day, feed conversion ratio (FCR) 1.71 vs. 1.73, body weight 2.00 vs. 2.04 kg. The large variation in some of the data was the major reason why no statistically significant differences were obtained (Table 4) . There were no significant differences (all P > 0.05) between control and BSF treatment groups or between week 1 and week 6 of the evaluation period for these parameters (Table 4 ). All birds were in visibly good condition throughout the trial.
Egg quality
Eggs produced from hens with access to the BSF larvae for the duration of 12 weeks were significantly lower in weight (P ¼ 0.003), shell weight (P ¼ 0.001), and shell thickness (P ¼ 0.004) than the eggs from hens in the control group (Table 5) . Egg yolk colour was significantly paler (P ¼ 0.001), with a lower yolk colour number, in eggs from the treatment group. There was no significant effect of BSF choice feeding on the egg quality for the following parameters: shell breaking strength, shell deformation, shell thickness, shell reflectivity, albumen height, and Haugh unit (all P > 0.05).
Range use
There were no significant differences in range usage between the control and BSF group at either time point except for the BSF hens showing a longer total maximum time for a single visit outside across the evaluation period (P ¼ 0.011). However, the average time on the range, the total time on the range, the average number of visits per day and the total number of visits significantly decreased over time (P < 0.001; Table 6 ).
Discussion
The laying hens consumed an average of 15 g/hen per day of BSF which equals 16% of their diet and indicates a good level of acceptance. In broiler chickens and broiler quails, H. illucens was included at 15% and 25% in the formulated diet, which did not affect overall feed intake, nor product quality (De Marco et al., 2015; Cullere et al., 2016) . The fact that choice feeding with BSF did not have any effect on flock performance for the duration of 6 weeks of feeding indicates the high nutritional value of this ingredient. The total feed intake (control diet and larvae) was much lower in both groups at the end of the experimental period, compared to the beginning (108 vs. 94 g/hen per day control; 107 vs. 94 g/hen per day BSF; Table 4 ), but failed to be statistically significant due to the high variation. With hens aged 50 to 60 weeks, feed intake is expected to remain constant (ISA, 2016) . In addition, the total feed intake during the experiment was lower than the breeder standard (122 g/hen per day; ISA, 2016). While the standards are generated on hens kept in optimal housing conditions with controlled environmental temperature and humidity, hens in this experiment were exposed to fluctuating summer temperatures up to 38 C. Therefore, a reduced feed intake of the experimental animals could be expected (Talukder et al., 2010) .
The observed egg production corresponds to the value found in the literature for 50-week-old hens and decreased as expected with the age of the hens (from 95% to 83% in the control group) but remained constant for hens of the BSF group (92%; Table 4) (ISA, 2016) . Potential factors affecting the production rate of the control group only, such as plumage damage and/or wounds indicative of severe feather pecking and/or aggression, were not observed and do not provide a possible explanation for the obtained results. Overall, the average egg weights obtained of >67 g can be classified as large, extra large, or jumbo depending on the country of evaluation. These relatively large eggs are most likely a consequence of the relatively heavy hen body weight and a possibly positive influence of the more than satisfactory linoleic acid content of the feed (Leeson and Summers, 2005) . However, egg weight decreased in both groups between the beginning and the end of the trial (from 67.9 to 66.9 g in the control group; from 68.1 to 67.5 g in the treatment group), during a period when it would be expected to increase slightly (from 63.5 to 64 g; ISA, 2016). This could be due to the (non-significant) loss of body weight, the reduction of the feed intake, or an early indicator of the fact that BSF larvae intake dilutes some of the nutrients of the formulated diet. Table 7 compares the composition of the treatment diet taking the dilution factor of the BSF larvae into account (84% of control diet þ 16% of BSF larvae). While the dietary requirements of the main components are met, the impact of feed dilution on microminerals can only be speculated. The yolk colour was significantly paler in the BSF hens (10.3 in the treatment group vs. 11.7 in the control group), suggesting Table 4 The effect of choice feeding with black soldier fly (BSF) dry larvae (Hermetia illucens) for the duration of 6 weeks on the flock performances of 160 ISA Brown free range laying hens. 1 Mean values ± standard error of the mean of 80 hens, 4 replicates per treatment. Table 5 Effect of choice feeding with black soldier fly (BSF) dry larvae (Hermetia illucens) for the duration of 12 weeks on the internal and external egg quality. that BSF larvae are less pigmented than the control diet. Artificial colourings (red and yellow) were used in the control diets. The amount of colouring received for BSF hens was lower compared to the control hens due to the feed dilution and hence the results obtained on the egg yolk colour support the possibility that micronutrients may be lacking in hens of the BSF group. However, when hens were 61 weeks of age at the end of the experiment, the observed egg weight for the control and BSF groups was 66.9 and 67.5 g, which is within the range of the expected 60 to 70 g (Roberts and Ball, 2003; ISA, 2016) . The nutritional profile of the BSF larvae used in this experiment is well within the expected profile (Tran et al., 2015; Makkar et al., 2014) . However, exposing the BSF larvae to an intense drying process of 90 C for 60 min may have resulted in a reduced availability of heat labile amino acids (lysine, arginine, threonine) due to the Maillard reaction between the former and the aldehyde group of reducing sugars (Newkirk et al., 2003) . It is known that increasing feed processing temperatures between 60 and 95 C significantly impairs nutrient availability and ileal digestibility in broilers diets (Amezcua and Parsons, 2007; Lundblad et al., 2011; Liu et al., 2013) . The fact that choice feeding hens with BSF for a duration of 12 weeks affected some egg quality parameters suggests that digestibility studies are needed to evaluate the best method for BSF processing. Feed formulation should be adjusted and feed intake should be accounted for if BSF are to be offered free choice as an alternative protein source.
A decrease in egg mass combined with a decrease of the feed intake led to a constant FCR during the experiment. While the FCR remained constant, the observed values were much lower than expected (1.7 vs. 2.2 kg egg/kg feed), as a consequence of the low feed intake (ISA, 2016) . The only research related to the use of insect feeding on FCR was performed in broilers using Musca domestica and Tenebrio molitor (Ocio and Viñaras, 1979; Awoniyi et al., 2003; Dordevic et al., 2008) . In those studies, no significant effect of using these alternative protein sources on FCR was observed (Ocio and Viñaras, 1979; Awoniyi et al., 2003; Dordevic et al., 2008) . Further studies on the use of BSF on long term performance and maximum inclusion levels in the feed are warranted. Shell weight was significantly lower in the treatment group, due to a lower egg weight compared to the control group. The observed values for the egg shell quality correspond to the values found in the literature for 60-week-old hens (Roberts and Ball, 2003) .
In order to provide all hens with the same opportunity to access the insect feeder on the range, hens that were known to access the outdoors daily were specifically selected for this study. We also provided hens with a housing and range space that resulted in a stocking density of 0.88 m 2 /hen indoors and 5.79 m 2 /hen on the range. This is much lower than the current Australian industry standard of 30 kg (~20 hens) per m 2 indoors and 1 m 2 /hen on the range (Primary Industries Standing Committee, 2002; CAF, 2016) , and also lower than the current European standard of 9 hens/m 2 indoors, and at least 4 m 2 /hen outdoors (Directive EU, 1999; Regulation, 1999) . Using such a low stocking density allowed us to evaluate hen movement without competition and constraints on resources (e.g., pop hole access, feeder space). Despite these extremely low densities, range usage was not enhanced by the presence of an additional feed source on the range. The additional attraction of the BSF reward did not encourage hens to range more compared to hens of the control group in birds with established range use patterns. This finding contradicts the general perception that feed on the range is a suitable tool to encourage range usage. However, the incentive for hens to access the range for a food reward might be higher in hens that generally prefer to stay indoors and needs further research. In general, range usage depends on factors such as flock size, number of pop holes, shelter on the range, age and experience of 1 Mean values ± standard error of the mean of 60 hens within 3 replicates per treatment, total n ¼ 120 hens. 2 Statistically highly significant (P < 0.005).
3 Statistically significant (P < 0.05).
Table 7
Comparison of the control and treatment diets with the nutritional requirements for >50-week-old laying hens (% as fed). the flock, and weather conditions (Bubier and Bradshaw, 1998; Nicol et al., 2003; Hegelund et al., 2005; Glatz et al., 2010) . As the flock and housing parameters were the same for all hens in this study, the weather conditions and the age are the most likely major factors contributing to the change in range use over time. The impact of hen age on range use has been equivocal in various studies. While some researchers found range usage to be positively correlated with age and explained this by an increase in familiarity, others researchers found a decrease with age and suspected it was due to a loss of interest based on novelty (Hegelund et al., 2005; Pettersson et al., 2016) . In the present study, the biosecure insect feeders may have been the novelty factor leading to initial curiosity and ranging motivation. Since hens were rewarded with feed being present in the feeders during the training period, the association with the feeder would have been positive. However, hens of both treatment groups decreased their ranging activity over time regardless the content of the feeder (BSF or no BSF larvae).
Conclusion
In conclusion, laying hens consumed an average of 15 g BSF larvae/hen per day, indicating a good level of acceptance. Choice feeding with BSF larvae for the duration of 6 weeks had no effect on hen performance, indicating its high nutritional value. Choice feeding hens with BSF larvae for the duration of 12 weeks did affect egg quality, indicating that feed formulation needs to be adjusted in choice feeding situations. However, further studies on the long term performance and maximum inclusion level of BSF larvae in feed are warranted. The additional on-range feeding with BSF larvae did not affect the range usage of outdoor preferring hens with established range use patterns.
